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Abstract: With the increasing awareness of sustainable development, 
incorporation of potential environmental impact into the consideration of 
asset and facility life cycle management is attracting increasing attention. 
On the one hand, businesses now widely recognize the needs to actively 
engage in the sustainability arena. On the other hand, companies are 
now also increasingly accountable for their impacts on the society, 
environment and economy. This paper presents an initial framework that 
takes account of sustainability consequences of the products into asset 
and facility life cycle management. It is shown that major physical assets 
and facilities in different areas/sectors may have quite different behaviour, 
thus requiring the uses of different high-level criteria/factors. The 
evaluation process to incorporate the environmental LCA concept into 
asset life cycle management is also developed and discussed. 
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1. Introduction 
World’s economic and social viability is critically dependent on the capacity of the 
major physical assets and facilities, in particular those physical infrastructures, 
including: 
 
• Built environment (Roads, bridges, railways, commercial buildings) 
• Transport facilities (Harbours, airports) 
• Utilities for power & communications, as well as water and sewage.  
 
Security of these facilities is fundamental to world economy, as well as human 
development and lifestyle. These assets and facilities must also be properly 
managed and maintained to ensure that the long-term return from them is 
maximised without compromising statutory requirements, community standards, 
and environmental and safety performance. Effective management and efficient 
operations of these facilities is therefore very important and can be a huge 
industry in its own right (Mathew, 2006).  
 
In Australia, the overall cost of maintaining infrastructure, non-residential 
buildings and industrial facilities has been estimated at $20 billion per year (BIS 
Shrapnel, 2001). The Australian Infrastructure Report Card (IEAust, 2001) has 
also recently highlighted a worrying trend of reduction in investment in the 
management of these assets with a resultant deterioration in their operational 
condition. This can be economic and human detriment in the longer term, or can 
even lead to national disasters.   
 
With increasing awareness of importance of sustainable development, the 
society is also more actively engaging in the sustainability arena (Labuschagne 
and Brent, 2005). Asset life cycle management (ALCM), an important activity in 
the three pillars of society of business, government and civil, will therefore need 
to take into consideration of the environmental performance, in addition to the 
usual technical and economical issues. It is expected that at both the industry 
and national levels, the consideration of environmental impact will bring 
considerable long-term economic benefits. This is not only achieved through the 
more efficient use and management of different products/assets, but also 
achieved through the enhancement of the clean and green image of Australian-
made products (eg through the product environmental performance labelling).  
 
In this paper, the concept of asset life cycle management (ALCM) and Life cycle 
assessment (LCA) is first introduced. The current state of practice in ALCM is 
then evaluated and examined. An improved framework for integration of LCA 
method into ALCM is also proposed, with its applications in ALCM illustrated. 
Finally, conclusion is drawn and further research is discussed. 
 
1.1 What is asset life cycle management (ALCM)? 
Asset life cycle management is the process of organising, planning and 
controlling the acquisition, use, care, refurbishment, and/or disposal of physical 
assets to optimise their service delivery potential and to minimise the related 
risks, environmental impacts and costs over their entire life (Mathew, 2006).  
 
All physical assets may be broadly classified into either Infrastructure Assets or 
Industrial Assets (Mathew, 2006). Infrastructure Assets may be either in rigid 
form of built environment, including buildings, roads, bridges, and facilities as 
well as assets that relate to community services such as land, parks, or in flexible 
form of utilities and facilities that are related to water, sewage, power etc. and 
systems and materiel related to military use. Industrial Assets include all plant 
and equipment that industry uses for manufacturing, mining, oil refining, or 
processing plants etc. 
 
Since most projects carried out by a company can be viewed as a vehicle to 
implement the capital investment in a new or improved asset/facility, the true 
sustainable asset life cycle management frameworks will therefore need to 
address all of the three goals of sustainable development, including social equity, 
economic efficiency, and environmental performance. Due to the complex nature 
and different forms of assets in different industries, or even within the same 
industry sector, a generic asset life cycle analysis such as shown in Figure 1 
(Labuschagne & Brent, 2005) may be applicable:  
 
Figure 1: Generic asset life cycle as proposed by Labuschagne & Brent (2005) 
 
From Figure 1, it can also be seen that each phase in the asset life cycle will 
typically involve one or more products. Since each of these products may have 
its own economic, social and environmental consequences, therefore, these 
different requirements will need to be integrated into an overall system to achieve 
the best performance. An increasing complexity and interdependencies of assets 
would make the decision-making process increasingly knowledge-intensive, 
thereby requiring efficient management and integration of a wide range of 
accurate, detailed, and up-to-date databases (Halfawy, 2004). Efficient 
management of information is a key requirement to support efficient operations 
and cost-effective decision-making throughout an asset's life cycle, at all levels of 
asset management: operational, tactical and strategic.  
 
1.2 What is LCA method? 
LCA (life cycle assessment) is an emerging new technique for the complete 
assessment of environmental impacts of an activity, process, or a product. This is 
achieved by identifying and profiling all the resources (eg energy, land, water and 
other materials) used and wastes released to the environment during its whole 
life cycle (ISO, 1997 and CSA, 1994).  
A typical LCA analysis generally consists of following four steps (ISO, 1997 and 
CSA, 1994):  
• Initiation (goal setting and definition) 
• Inventory analysis (identifying all relevant input and output items); 
• Impact analysis (quantification and evaluation of impacts on ecosystems and 
human beings by conducting a rigorous input and output flow balance 
analysis); 
• Improvement analysis (evaluation of options to reduce environmental loads). 
In comparison with most of the current researches which typically only focus on 
one or two single aspects of environmental impacts (eg energy use or 
greenhouse gas emissions) (CDA, 2003), LCA has the advantage of providing a 
rigorous, comprehensive, and multi-dimensional analysis of all relevant factors 
(eg to include all the influences of energy uses and greenhouse gas emissions, 
land salinisation, acid rain, waste and toxin releases, natural resource depletion 
and human health). It is therefore potentially a very useful and powerful tool for 
the evaluation of environmental impacts of large, complex systems/products (eg 
in chemical processing industries). It is noted that a comprehensive LCA analysis 
would in particular have the advantage of being able to quantify the magnitude of 
potential environmental saving in each (environmental) category, and to avoid 
the pitfall of just shifting from one category to another category (Jungbluth, et al, 
2000). This may be the case in the current debate about the merits of promoting 
wide uses of ethanol blends in petrol in the vehicles.  
In light of recent significant concern on greenhouse gas emissions and related 
global warming, LCA method has now also often be used to the single indicator 
situation of energy use or greenhouse gas emissions. In this case, both 
embodied energy and operation energy uses will need to be included and 
calculated. For the commercial office buildings, previous Life Cycle studies have 
indicated that the CO2 emission from the sources of building embodied energy is 
often fairly small. For instance, based on the assumption of building having 40 
year lifespan, a recent study showed that the embodied energy emissions 
contributed only approximately 8% to 10% of building total emission (AGO, 
1999). This is in contrast with other sectors, such as roads, bridges and other 
transport facilities where the environmental contribution from embodied energy is 
very significant, so the appropriate selections of construction materials are more 
important.  
It is also often argued that promoting minimal energy use without regard to the 
form of that energy may be misleading, especially if it results in the use of 
materials or construction and manufacturing techniques that have significant 
resource use or emission implications in their own right. In terms of primary 
energy, a kWh of heat would typically produce only 0.3-0.5 kWh of electricity. 
2.  Management structure and current practice for ALCM 
With the increasing awareness of sustainable development, the pressure on 
businesses to incorporate the principles of sustainable development into policies 
and activities is mounting (Labuschagne & Brent, 2005). On one hand, 
businesses now widely recognize that they have a particular responsibility 
towards the whole of society to actively engage in the sustainability arena 
(Holliday et al, 2002). On the other hand, companies are now also increasingly 
accountable for the impacts of an implemented project on the society, 
environment and economy, even long after the project has been “completed” 
(i.e., beyond the normally considered project life cycle) (PMI, 2000). In fact, a 
significant number of organisations have now implemented the Environmental 
Management Systems, and reported on the sustainability of their operations in 
their annual sustainable development reports (Labuschagne & Brent, 2005). A 
tier or tree management structure (Figure 2) has also been proposed by the U.S. 
Department of Transportation (1999) for this purpose.   
 
Figure 2: Asset life cycle management team structure (DOT, 1999) 
 
It can be seen from the above Fig.2 that this management structure will need 
staff with expertise in the areas of economics, engineering, policy, planning, or 
technology assessment. This is reasonable and necessary, as asset 
management is essentially a multi-disciplinary area and involves many activities 
including inventory itemization, inspection and data collection, condition 
assessment, performance evaluation, analysis and simulation, prediction of 
future performance, evaluating alternative technical and economic strategies, 
operations management, economic analysis, and planning and prioritization of 
maintenance and repair operations.   
At present, asset management practice like Fig.2 usually attempts to use triple 
bottom line considerations. However, this approach may fail to make 
sound decisions on asset procurement, renewals and replacements due to lack 
of detailed knowledge and procedures on how environmental sustainability can 
be incorporated properly. This structure also does not clearly show the need and 
approach to integrate and apply this diverse body of knowledge that spans these 
different areas with the main objective to maintain the condition of the assets at 
acceptable performance levels at minimum cost and within budget constraints 
(Halfawy et al, 2004). 
3. A Framework and Improved Structure for Integration of LCA method into 
ALCM 
Because the decisions for asset life cycle management need to deal with multiple 
actors as well as different objectives and constraints, therefore, the structure will 
have to be dynamic and well integrated. Although a number of different 
models/methodologies have now been developed for multi-criteria decision 
making, many more are for a single purpose, each having their own application 
and limitation. This lack of integration and interoperability creates inefficiencies 
and is a major impediment towards achieving sustainability objects. Lack of a 
quantitative linkage between multiple business objectives and constraints further 
limits the support of global optimisation of decision.  
A new initial framework for integration of numerical LCA method into ALCM is 
proposed in Figure 3. This framework is modified from CIEAM’s framework 
(Mathew, 2006),   to take account of sustainability consequences of the products 
in the asset life cycle management. It also allows for the first time the 
sustainability concept be directly and explicitly incorporated into the overall 
framework of asset life cycle management through LCA analysis.  
 
Figure 3: Major physical assets and the high level criteria that should be 
considered in asset/facility life cycle management  
 
From Figure 3, it can be seen that this initial framework not only shows the major 
physical assets may lay in different areas/sectors, but also the high level 
criteria/factors must be considered in the decision making for the asset life cycle 
management. It consists of not only the technical (reliability), economical and 
social (human impact) criteria that must be considered, but also the quantified 
information of sustainability or environmental impact that will be available from a 
LCA analysis. It allows the integration of overall project objectives with the 
environmental objectives. The proposed framework therefore bridges this gap 
by explicitly integrating environmental issues into the overall asset life cycle 
management process. Some researchers have titled this newly emerging area as 
“Sustainability-based Asset Management” (Halfawy, et al, 2004).  
With the framework proposed in Figure 3, the various measurable indicators for 
each criterion/factor during the asset appraisal process will also have to be 
developed. It is proposed that the corresponding criterion with measurable 
indicators may be constructed in a suitable matrix, such as shown in Table 1. It is 
accepted that the table below is only one initial attempt and the selection of 
suitable indicators for a specific asset should be evaluated against the market’s 
perception of value of the individual measures. Once the appropriate indicators 
and their component characteristics have been selected, the next challenge is to 
design a grading or weighting for the indicators. From an operational perspective, 
it is important that the grading should reflect the usefulness/criticalness of the 
concerned asset/facility (Boyd, 2005), in order to ensure the reliability and 
performance of the whole system. 
Table 1: Possible matrix to demonstrate the indicators for each criterion 
Criteria / factors Indicators 
Reliability Technical issues with Risk management, which include • Data management 
• Conditioning monitoring 
• Performance monitoring 
• Information system  
Social aspects Human dimensions include • Human resources  
• Asset ownership  
• Strategic planning 
• Tactical planning 
Economy Economical issues include • Economic performance 
• Financial management  
• Budgeting and costing 
• Life cycle cost analysis 
Sustainability Environmental issues include • Usage of energy and water 
• Embodied energy 
• Management of Waste and pollution 
• Use and selection of materials/equipment  
 
4. Application of proposed framework to ALCM 
Applications of the above proposed framework in asset life cycle management to 
any particular process and asset/facility will generally involve three levels of 
work: 
1. to conduct a stakeholder consultation and survey to determine the most 
significant asset and critical product for detailed LCA modeling and case 
study. 
2. to select suitable indicators and assessment criteria for the specific product 
and asset 
3. to evaluate the performance and benefits of alternative methods of 
manufacturing and disposing that particular asset/product, including the uses 
of renewable energy and renewable materials. 
To implement the above approach, the environmental performance of the 
selected product, for instance, may be assessed by LCA software such as 
SimaPro (PRé consultants, 1996). The model then needs to be further developed 
to represent the more complicated cases of using alternative renewable energy 
and renewable materials. A significant part of this method is the collection and 
assessment of suitable input data for the selected product/asset, and the 
validation and modification of the software model. The required data not only 
include the energy uses due to machinery, but also to include the transportation 
of raw materials, delivery of the products to the marketplace, and the final 
disposal method.  
It has been shown that LCA techniques have already been successfully applied 
to a good number of specific industries and products, in particular the building 
and construction industry (Lippiatt and Boyles, 2001, and Chevalier and Le Tfino, 
1996). However, because of the different natures of different products/systems, 
there are still considerable uncertainties associated with the impact calculation 
methods, and the quality of input data (Sandars et al, 2003). This shows that the 
future research will first need to address these issues, including improving the 
quality of input data and the appropriate uses of different indicators of 
environmental impacts. This should be achieved through focusing on the detailed 
modelling and case study of selected important asset/product. The processes 
assessed need to include all the five phases of a product, including Pre-
manufacturing, Product Manufacturing, Product Delivery, Product Use and 
Refurbishment, and Recycling and Disposal (Graedel, 1998). 
As shown in Fig.1, the design phase would normally include both 
conceptualisation and design, while the construction phase would include 
procurement, manufacture and installation. Experience has shown that a careful 
implementation of these two phases will have a particularly large impact on the 
overall performance of the system and embodied energy of the process, while it 
can still have a considerable impact on the after-installation operation energy 
use. For example, in the case of building industry, it is noted that the energy 
efficiency of a building depends on many factors and one of the most important 
factors is the proper design/selection of the building’s physical properties. As 
loads gained from the building physical properties are the “base load” for the 
selection of the HVAC equipment, an appropriate selection of physical properties 
in the design process is vital for the energy efficiency of the building. Without a 
suitable choice all later work will be built on an unsatisfactory foundation. An 
early participation of building services engineers in the building design process 
will therefore help to achieve better energy efficient building.  
Incorporating LCA method or sustainability into asset and facility life cycle 
management is an important step for a company or business. The positive 
impact of environmental consideration has already been found in property 
market. For example, a good energy rating (e.g. a 4 to 5 star rating in the 
Australian Building Greenhouse Rating Scheme) on building would give the 
property owner a market edge (Boyd, 2005). There is some evidence that for 
public sector tenants at least, a fall in the rating during tenancy can actually 
trigger a diminution in rent.   
5. Conclusion and further research  
In face of increasing awareness of sustainable development, incorporation of 
potential environmental impact into the consideration of asset life cycle 
management is attracting increasing attention. This paper has evaluated the 
potential of incorporating the environmental LCA concept into asset life cycle 
management. An initial framework taking account of sustainability consequences 
of the products into asset life cycle management has also been developed.   
It is believed that the sustainable development of manufacturing industries and 
critical public and industrial infrastructure will become a significant concern and 
pressing issue for both the government and the community. It is also noted that 
the Australian Government has now listed the research of environmental 
sustainability and resources management as a National Research Priority 
(DEST, 2006).  
In the longer term, it is anticipated that it will be necessary to develop effective 
decision and management support tools by designing a suitable design and 
rating scheme and monitoring systems to promote the implementations of cost-
effective best practices in Australia, and to promote the clean and green image of 
Australian products.  
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